Genetic experiments have positioned the fgfr1 gene at the top of the gene hierarchy that governs gastrulation, as well as the subsequent development of the major body axes, nervous system, muscles, and bones, by affecting downstream genes that control the cell cycle, pluripotency, and differentiation, as well as microRNAs. Studies show that this regulation is executed by a single protein, the nuclear isoform of FGFR1 (nFGFR1), which integrates signals from development-initiating factors, such as retinoic acid (RA), and operates at the interface of genomic and epigenomic information. nFGFR1 cooperates with a multitude of transcriptional factors (TFs), and targets thousands of genes encoding for mRNAs, as well as miRNAs in top ontogenic networks. nFGFR1 binds to the promoters of ancient protooncogenes and tumor suppressor genes, in addition to binding to metazoan morphogens that delineate body axes, and construct the nervous system, as well as mesodermal and endodermal tissues. The discovery of pan-ontogenic gene programming by integrative nuclear FGFR1 signaling (INFS) impacts our understanding of ontogeny, as well as developmental pathologies, and holds new promise for reconstructive medicine, and cancer therapy.
Construction of a complex functional system, such as a living organism, requires not only raw building materials (genes encoding structural and other functional proteins), but also an assembly program, organized into flexible feedback and feedforward sub-routines that can function within, and readily adapt to a non-stable environment. Such a program is discussed below.
Unicellular organisms which appeared 3 billion years ago (Maynard Smith J, 1995) owed their ecological and evolutionary success to their ability to proliferate, invade new niches, and disseminate these abilities through their genetic material. The ancient genes that underwrite these functions are preserved in multicellular organisms and are often altered in cancer cells, leading to uncontrolled proliferation and migration. Thus, they are referred to as proto-oncogenes, or tumor suppressor genes.
The ascent of multicellular organisms which begun 0.6 billion years ago, brought critical innovations. First, new categories of genes (morphogens) evolved which underwrote the cell speciation needed to form tissues and organs composed of different types of cells. Secondly, effective controls were imposed over the vestigial proto-oncogenes/tumor suppressor genes as well as the new morphogens to coordinate their activities both in time and in space in developing multicellular organisms. In essence, the construction of a metazoan body engages thousands of genes and myriads of transcription factors. Their actions are orchestrated in the three-dimensional space of occupied by chromatin, so as to allow the programmatic realization of the inherited genetic blueprint. How this immense task is accomplished is largely unknown.
In this article, we summarize experimental evidence outlining a new pan-ontogenic paradigm, integrative nuclear fibroblast growth factor receptor 1 (FGFR1) signaling (INFS; Stachowiak et al., 2007 Stachowiak et al., , 2012b Stachowiak et al., , 2015 . The INFS operates at the interface of the genomic and epigenomic information. It computes and integrates diverse developmental signals, and elicits coordinate responses of thousands of genes to allow cell transitions between different developmental stages. INFS disruption is associated with cancer, and diverse developmental diseases like schizophrenia.
At the center of the INFS module are proteins that bear the historic name of fibroblast growth factors (FGF) and high affinity FGF receptors (FGFR). Neither FGFs nor FGFRs exist in single-cell organisms, but are common to eumetazoans and essential for the generation of tissues with specialized cells . Mutations within a single Fgfr1 gene disrupt gastrulation, as well as the development of the central and peripheral nervous systems, in addition to the development of mesodermal somites, muscles, bones, and endoderm. These developmental consequences of Fgfr1 mutations reflect changes in the expression of diverse genes (Ciruna et al., 1997; Partanen et al., 1998; Ciruna and Rossant, 2001; Dequeant and Pourquie, 2008) and microRNAs (Bobbs et al., 2012; Stuhlmiller and Garcia-Castro, 2012 ) that control development, and thus, firmly place Fgfr1 at the top of the developmental hierarchy. But how can a single gene exert such global pan-ontogenic function?
FGFs emerged early in the evolution of metazoans. One such metazoan, Caenorhabditis elegans, possesses an FGF ortholog, , that is equipped with three nuclear localization signals (NLSs), which are functionally necessary, as its biological effects depend on nuclear accumulation (Popovici et al., 2006) . Members of the mammalian FGF family similarly retain an NLS, and/or have acquired a cleavable secretion signal peptide (SP). The NLS-containing FGFs, for example, the 23 kDa FGF-2, act in the nucleus to promote differentiation, whereas secreted members of the FGF family, for example, 18 kDa FGF-2, act on the cell surface, to carry out their mitogenic functions (Ornitz and Itoh, 2011; Stachowiak et al., 2015) .
Individual FGFRs (in mammals, FGFR1-4) have adaptations that direct them to different subcellular compartments (Myers et al., 2003; Stachowiak et al., 2007 ). An atypical transmembrane domain in FGFR1 allows the newly translated receptor to be released from the pre-Golgi membrane into cytosol and to translocate into the nucleus, (Box 1; Fig. 1A ). The accumulation of hypoglycosylated nuclear FGFR1 (nFGFR1) is highly regulated by diverse developmental signals, and is, thus, named as an integrative signaling (Fang et al., 2005; Stachowiak et al., 2007 Stachowiak et al., , 2015 . In proliferating neural stem/ progenitor cells (NS/PC) of the brain subventricular zone (SVZ), FGFR1 is cytoplasmic, while in differentiating cells FGFR1 localizes to the nucleus (Stachowiak et al., , 2012a . Likewise, nuclear accumulation of FGFR1 is observed in developing midbrain substantia nigra (SN) neurons while they extend their telencephalic projections (Fang et al., 2005) . When this developmental process reaches completion, FGFR1 re-localizes, becoming predominantly cytoplasmic (Fang et al., 2005) . Nuclear FGFR1 accumulation is observed also in vitro during the differentiation of diverse types of stem cells, as well as during the growth and differentiation of glial and neuronal cells, endothelial and mesodermal cells, and in cancer cells (Stachowiak et al., 1997b (Stachowiak et al., , 2007 .
Gene Transcription Is Regulated by nFGFR1 Acting Cell Nucleus
nFGFR1 concentrates in nuclear speckles, which are pre-RNA co-transcriptional processing factories (Peng et al., 2002; Lee et al., 2012 Lee et al., , 2013 Somanathan et al., 2003; Stachowiak et al., 2003b Stachowiak et al., , 2012b . Within these speckles nFGFR1 affects the rate of new RNA synthesis.
Studies focused on genes encoding for neural Tyrosine Hydroxylase (TH), enolase (NSE), neurofilament-l (NF-l), doublecortin, bIII-tubulin, developmental fgf-2, c-Jun, cyclin D1, nurr1, and nur77 showed that they can be activated following transfection with a constitutively active nuclear FGFR1(SP-/ NLS), or by nuclear HMW-FGF-2 ligand (Peng et al., 2001; Reilly and Maher, 2001 ; Lee et al., 2013; Narla et al., 2013) . In contrast, a dominant negative nuclear FGFR1(SP-/NLS)(TK-) blocked gene and promoter activation by neurotransmitters, hormones, growth factors, Ca þþ , cAMP or tyrosine kinase signaling. However, extracellular FGFR1 antagonists do not prevent such gene activations. Similarly, blocking extracellular ligand-induced FGFR1 internalization does not affect gene activation by transfected FGFR1 and its nuclear ligand, HMW FGF-2. Hence, the gene activation by nFGFR1 is not a consequence of ligand-induced receptor internalization from the cell surface. These results indicate that instead, these gene activations are mediated by intracellular, nuclear nFGFR1, and that an increase in nFGFR1 content is sufficient, and essential for the activation of these specific genes (Stachowiak et al., 2003b (Stachowiak et al., , 2012b Peng et al., 2001 Peng et al., , 2002 . DNA electrophoretic mobility shift assays (EMSAs) and cross-linked chromatin immunoprecipitations (ChiPs) demonstrated that nFGFR1 binds to the promoter regions of nFGFR1 regulated genes (including nurr1 and nur77, fgfr1 and fgf-2, dcx, th, bIII tubulin)) along with its binding partner, a common transcriptional coactivator, CREB binding protein (CBP; Peng et al., 2002; Fang et al., 2005; Narla et al., 2013; Lee et al., 2012 Lee et al., , 2013 . Another binding partner of CBP is ribosomal S6 kinase (RSK; Hu et al., 2004) . nFGFR1 disassociates inactive RSK-CBP complexes, replacing them with FGFR1-CBP complexes that activate RNA Pol II and histone acetylation (Fang et al., 2005) , as well as with FGFR1-RSK1 complexes, in which FGFR1 augments RSK1 phosphorylation of TFs and, potentially, other chromatin proteins (Hu et al., 2004; Fang et al., 2005;  Fig. 2A ). The dynamic nature of gene regulation by nFGFR1 and its partner proteins Dunham-Ems et al., 2009; Baron et al., 2012; Lee et al., 2012 ) is illustrated in Box 2 (Fig. 2B) .
Transfection studies conducted with constitutively active nuclear FGFR1(SP-/NLS), and its dominant-negative variant FGFR1(SP-/NLS)(TK-) ( Fig. 2C ) in vitro, showed that (1) nFGFR1 alone is sufficient to induce changes in gene activities and neuronal differentiation in cultured neural progenitor cells, and diverse types of stem cells, and (2) that nRGFR1 is necessary for RA, NGF, BMP, BDNF, acetylcholine, and cAMP induced neuronal differentiation (Horbinski et al., 2002; Stachowiak et al., 2003a; Fang et al., 2005; Lee et al., 2013) . In vivo transfection of FGFR1(SP-/NLS), or activation of endogenous nFGFR1 was also shown to reactivate developmental-like neuronogenesis by neural stem/progenitor cells in adult brain (Bharali et al., 2005; Stachowiak et al., 2009 ). These gain and loss of function experiments demonstrated that nFGFR1 and INFS broadly participate in developmental transitions, most commonly as a switch to differentiation and post-mitotic development .
nFGFR1 Programs Development of Pluripotent Stem Cells
In early embryogenesis, soon after conception, cells in the interior of the blastocyst proliferate rapidly to yield a growing mass of cells from which the organism will be built. These nondifferentiated embryonic stem cells (ESC) are defined as pluripotent, that is, give a rise to any of the three embryonic layers ecto-, endo-, or mesoderm as they form during gastrulation (Gluache, 2011) . The exit of ESC from the pluripotent state is induced by retinoic acid (RA) which has broad ontogenic functions (Morriss-Kay and Sokolova, 1996; Kam et al., 2012) . RA triggers transcriptional cascades that cause cells to differentiate into neuronal, cardiac, myogenic, adipogenic, and vascular smooth muscle cells, with the exact outcome depending on ligand concentration. At high concentrations (1-10 mM) RA promotes development specifically along the neuronal lineage, while also inhibiting the generation of glial, mesodermal or endodermal cells (Guan et al., 2001; Okada et al., 2004; Akanuma et al., 2012; Kam et al., 2012; Lee et al., 2012) .
Nuclear accumulation of FGFR1 is a common response to RA in human ESCs and mESC. Furthermore, loss-and gain-offunction experiments have demonstrated that nFGFR1 is both necessary for RA-induced differentiation of neurons, as well as sufficient to induce neuronal differentiation in the absence of RA stimulation . How can a single nuclear protein program the neural development of ESCs-a process that involves the coordinated regulation of thousands of genes that are located on different chromosomes and contain diverse regulatory elements? Given that CBP interacts with a large variety of TFs, nFGFR1 can potentially act as a global master regulator that delivers the RA signal to a large number of genes, including those that lack an RXR or Nur-related site (Fig 3B,  Box 3 ). Indeed nFGFR1-xdCBP complexes form even larger complexes with RXR, RAR, and orphan Nur receptors, as well as with CREB and other TFs (Forthmann et al., 2015; Stachowiak et al., 2015) . nFGFR1 synergistically regulates transcription by these TFs at their targeted sequences: RARE, NBRE, NurRE, CRE, etc. .
Global Genome Targeting by nFGFR1
We speculated that nFGFR1 mediates RA-induced neural programming of ESCs by targeting "master developmental" genes and/or interacting directly with multiple sets of genes within diverse development pathways. The ascent of next generation DNA sequencing and its applications to chromatin immunoprecipitation (ChIP) and global RNA analyses enabled us to identify gene networks that are directly targeted by FGFR1 and its partners, RXR and Nur77, and to characterize the associated gene regulation during RA-induced neuronal programing of mESCs.
Experiments were performed on nondifferentiated female mouse (m)ESCs maintained in the pluripotent state with leukemia inhibitory factor (LIF) on LIF-free monolayers treated with 1 mM RA for 2 days to induce neuronal cell (NC) differentiation . ChIPseq revealed that nFGFR1, RXR, and Nur77 bind to thousands of sites nonrandomly distributed on all mouse chromosomes (Box 4, Fig. 4A ). There are 30,586 RXR binding sites in ESCs but only 15,224 in NCs. The number of Nur77 sites are similar in ESCs (22, 651) and in NCs (25, 995) . In contrast, the number of nFGFR1-targeted sites in pluripotent ESC is 11,378, much smaller than the number of sites for either RXR or Nur77. However the number of nFGFR1 sites in NCs (46,137) is Box 1. Constitutive plasma membrane and regulated nuclear targeting of FGFR1. Fig. 1 . Newly synthesized FGFR1 can enter either the constitutive membrane pathway or regulated nuclear pathway in membrane pathway the receptor is processed and glycosylated in Golgi and accumulates in plasma membrane. In the nuclear pathway, an atypical transmembrane domain in FGFR1 allows newly translated immobile receptor to be released from the pre-Golgi membrane into cytosol generating a highly mobile protein in a process that involves proteasomes and is facilitated by the FGF-2 ligand, and ribosomal S6 kinase (Dunham-Ems et al., 2006 . The nuclear transport of FGFR1 is mediated by importin-b (Reilly and Maher, 2001 ). The nuclear accumulation of the hypoglycosylated nuclear form of FGFR1 (nFGFR1) is stimulated by a variety of developmental signals, including various growth factors (i.e., EGF, NGF, BDNF, BMP), vitamins D and retinoids, hormones, and neurotransmitters, calcium, cyclic AMP, and is inhibited by cell contact receptors. This is the reason that this pathway is referred to as integrative signaling . FRET and co-immunoprecipitation assays show that the NLS containing 23 kDa FGF-2 interacts with nFGFR1 during nuclear transport and in the nucleus while, 18 kDa FGF-2, which lacks a bipartite NLS, interacts with FGFR1 only in the cytoplasm (Dunham-Ems et al., 2009) . Biophotonic assays, including FLIP and FRAP, have demonstrated that cytoplasmic FGFR1 exists in three separate populations: (1) an immobile, newly synthesized Endoplasmic Reticulum (ER) population; (2) a highly mobile, non-glycosylated, cytosolic population; and (3) a slowly diffusing, membrane receptor population (Dunham-Ems et al., 2006) . Nuclear accumulation of FGFR1 in live cells is promoted by an accelerated cytoplasmic to nuclear import, as well by as a reduced nuclear to cytoplasmic export Stachowiak et al., 2012b) . In addition, activation of cell surface FGFR1 by FGF-2 induces FGFR1 internalization, which is dependent upon the ARF6, Dynamin2 and Rab5 endocytic machinery, and is inhibited by cell surface Ecadherin adhesion complexes (Bryant and Stow, 2005) . Once internalized, FGFR1 may be released from endosomes, or trafficked in a retrograde fashion to the ER/Golgi for cytoplasmic release via the RSK1-associated pathway.
Dual plasma membrane and nuclear FGFR1 distribution is observed in developing cells . For instance in proliferating brain stem cells FGFR1 is cytoplasmic whereas in differentiating neural cells FGFR1 accumulates in the cell nucleus (Stachowiak et al., 2012a) . In agreement with this dual distribution, brain-targeted FGFR1 knockout impairs both the cell proliferation and differentiation (Pirvola et al., 2002; Ohkubo et al., 2004) which may reflect the loss of FGFR1 signaling at the cell surface and the INFS, respectively (Stachowiak et al., 2012b) .
Box 2. Nuclear FGF receptor-1 and CREB binding protein-an integrative signaling module .
The interaction of CBP with hypo-glycosylated nFGFR1 was indicated by GST-CBP pull downs of FGFR1, coimmunoprecipitations of CBP and nFGFR1, and by biophotonics of live cells (Fang et al., 2005; Dunham-Ems et al., 2009 ). CBP associates with diverse TFs during their binding to gene regulatory sequences. Together they recruit RNA Pol II and thus may promote the formation of preinitiation complexes (PICs) that include RNA Pol II as well as the enzymatic activities needed for the chromatin remodeling required for transcriptional initiation. The investigation has framed a threefold mechanism for nFGFR1 activation of CBP-dependent transcription (Fang et al., 2005) in proliferating non-differentiated cells, CBP is arrested in an inactive complex with RSK1 or RSK2. As FGFR1 accumulates in the nucleus, the TK domain binds to the N-terminal kinase domain of RSK and disrupts the CBP-RSK complex. The N-terminal domain of another FGFR1 molecule interacts with the N-terminal domain of CBP forming a CBP-nFGFR1 complex. The nFGFR1-CBP complex activates transcription by recruiting RNA Pol II and acetylating histones (Fang et al., 2005) , while RSK1-bound nFGFR1 phosphorylates TFs and, potentially, other chromatin proteins. (B) Kinetic model of INFS from FRAP mobility measurements (Dunham-Ems et al., 2009; Stachowiak et al., 2012b) . Bimodal analyses of the R1-EGFP FRAP recovery demonstrate that nuclear FGFR1 contains a hyperkinetic component ("F" Fast recovering t 1/2 < 1 sec; present in nucleoplasm), a hypokinetic component ("S" Slow-recovering, t 1/2 ¼ 24 sec; chromatin-associated), and an immobile component (non-recovering, nuclear matrix-associated). FGFR1 that is not engaged in transcription associates with nuclear matrix and is immobile. Activation of transcription by cAMP releases FGFR1 from matrix via an FGFR1 interaction with 23 kDa FGF-2 generating an "F" R1, which engages in rapid (t 1/2 < 1 sec) "non-productive" molecular collisions and chromatin scanning. R1-CBP binding converts "F" R1 into hypokinetic "S" R1 (t 1/2 5-10 sec). We propose that the "S" FGFR1 represents FGFR1-CBP oscillations that drive the formation of the RNA Pol II (Pol II) Preinitiation Complex (PIC). CBP binding to DNA-associated transcription factors may extend the residence of CBP-FGFR1 on chromatin, thereby promoting initiation of transcription. During transcriptional activation, the rate of oscillations is further reduced ("S" R1 converts into "ES", (t/12 > 50 sec), possibly reflecting FGFR1 and RSK1 binding events and the formation of productive elongating complexes. The kinetics of RNA Polymerase II (RPII) are based on the methods of (Darzacq et al., 2007) and are similar to FGFR1. Close co-localization of nFGFR1 and RNA Pol II is illustrated by immunostaining and super-resolution microscopy in Video-Supplemental Material (collaborative experiment with Dr. Hari Shroff, NIH) l (Video 1). (C) Engineering constitutive active and dominant negative FGFR1. Testing function of nFGFR1 by gain and loss experimentstransfection of the constitutively active/nuclear variant FGFR1(SP-/NLS), in which the cleavable SP is replaced with the NLS of FGF2, provides a means to generate INFS signals directly in the nucleus bypassing the afferent stimuli. Transfection of dominant-negative variants of FGFR1(SP-/NLS)(TK-), which lack the tyrosine kinase (TK) domain, block nFGFR1 function specifically in the cell nucleus (Stachowiak et al., 2012b . The tyrosine kinase deleted (TK-) mutant displaces endogenous nFGFR1 from the CBP complex and the gene promoter (Peng et al., 2002) . Box 3. Ontogenic programing of ESC-role of RA. Fig. 3 . (A) During early embryogenesis embryonic stem cells (ESCs) appear in the inner cell mass of the blastocyst. Each of ESC is capable of developing into an organism with all of its tissues and thus is referred to as pluripotent. Retinoic acid appears in the primitive streak during gastrulation when three germ layers are formed, and has broad regulatory functions in ontogenesis including axis development in the vertebrate embryo (Morriss-Kay and Sokolova, 1996) . RA stimulates pluripotent cells to differentiate into neuronal, cardiac, myogenic, adipogenic, and vascular smooth muscle cells, depending on ligand concentration. (B) In vitro, at high concentrations (1-10 mM), RA promotes the exit of ESCs from the pluripotent state and their development specifically into the neuronal lineages. Within a few hours, nFGFR1 accumulates in the nuclei of ESC,s as the cells exit from the cell cycle, and neurogenic and neuronal genes are upregulated. By 24 h, the cells display a neuronal morphology (including long neurites and growth-cone endings), and express neuron-specific b-III tubulin (B), MAP2, neurofilament L, TH , as well as glutamate and acetylcholine receptors (Guan et al., 2001; Okada et al., 2004; Akanuma et al., 2012; Lee et al., 2012) . After 96 h of at-RA treatment, only single cells displayed characteristic glial morphology and GFAP immunoreactivity (B), . Bar size-20 mm. With additional time and appropriate conditions the ESCs develop complex neuronal networks and 3D brain-like organoids (not shown). Reprinted with permission from J Cell Biochem 113:2920-2936. (C) RA acid stimulates the nuclear accumulation of nFGFGR1 in ESCs which is both necessary and sufficient for RA-induced neuronal differentiation. Top-ESC were incubated with or without (control) 1 mM at-RA for 48 h and immunolabeled with N-terminal aFGFR1 (ABCAM) (þgoat-anti mouse-Alex488). On the enlarged nucleus arrowheads point to weakly stained (DAPI) euchromatin regions with high FGFR1-IR after at-RA stimulation. Center and bottom-the at-RA-induced outgrowth of b-III-tubulin containing neurites in mESC is inhibited by transfected dominant negative nuclear FGFR1 (FGFR1(SP-/NLS)(TK-) and by cytoplasmic/nuclear FGFR1(TK-). In the absence of at-RA, the average neurite outgrowth induced by active nuclear FGFR1(SP-/NLS) is similar to the at-RA induced outgrowth. Bar size-20 mm . (D) RA signaling is mediated by both retinoic acid receptors (RARs) and retinoid X receptors (RXRs), which can act as homo or heterodimers on RAresponsive elements (RAREs) within RA-regulated genes (Lefebvre et al., 2010) . Additionally, RXR is highly versatile with respect to its heterodimerization; among the many other nuclear receptors with which it can interact are two members of the orphan nuclear subfamily, Nur77 and Nurr1. These factors also function independently by binding Nur-response elements, as monomers (NBRE) and dimers (NurRE) (Maira et al., 1999; Maira et al., 2003; Lefebvre et al., 2010) . nFGFR1 forms CBP-containing low mobility chromatin complexes with RXR, RAR, and Nurs. These complexes bind to RARE, NBRE, and NurRE sequences within RA-activated Fgfr1, Fgf-2, and Th genes, and synergistically activate isolated RA-and Nur-responsive elements (Baron et al., 2012; Lee et al., 2012 Lee et al., , 2013 .
JOURNAL OF CELLULAR PHYSIOLOGY
Box 4. Genome-wide binding of nFGFR1, RXR and Nur77 in pluripotent ESC and RA-induced NC and enrichment of binding sites within promoter and genic regions . In mESC and NC genomes 2/3 of targeted sites are within promoter and genic regions. Relative to their global genomic representation, one observes an enrichment of FGFR1, RXR or Nur77 peaks within 5'UTR and exon regions and lack enrichment in the intron or 3'UTR regions. Within the promoter, the highest enrichment was found in the bidirectional promoter (50-to 100-fold). In unidirectional promoters 10-to 30-fold enrichment was observed À1/þ1 kb from TSS and 5-10 fold in À1/À5 kb. (C) Genome-wide colocalization of nFGFR1, RXR, and Nur77 peaks. Venn diagram illustrates the number of individual and overlapping nFGFR1, RXR, and Nur77 binding sites (Reprinted from PLoS ONE 10:e0123380). (D) nFGFR1, RXR, and Nur77 peaks co-localize within all genomic regions. Specifically in the proximal promoter and NCs, the number of sites at which RXR or Nur77 bind together with nFGFR1 was markedly higher than the number of sites at which either RXR or Nur77 bind without nFGFR1. (Reprinted from PLoS ONE 10:e0123380).
fourfold higher than in pluripotent ESCs. Thus, during neuronal differentiation, nFGFR1 targeted sites become more abundant than either the RXR or Nur77 targeted sites .
The binding sites for nFGFR1 are present throughout the genome, similar to those for RXS and Nur77. Of particular interest in these regards, nFGFR1 binding sites are most highly concentrated within gene regulatory regions. Similarly, the binding of all factors to genomic DNA is highly enriched within the upstream proximal promoters (À1 kb), the bidirectional promoter and the 5'UTR, but not in the 3 0 UTR, or introns (Box 4, Fig. 4B ; Terranova et al., 2015) .
In ESCs, 1/5th of all of the RXR and all the Nur77 binding sites colocalize with nFGFR1 binding sites, and nearly half (45%) of all sites co-occupied by RXRþNur77 co-localize with nFGFR1 binding sites. What distinguishes NCs from ESCs, is that the abundance of all categories of sites that include nFGFR1 are markedly higher (two-to threefold), even though the numbers of RXR and RXRþNur77 are reduced. Most notably, large numbers of binding sites for nFGFR1 alone are present in ESCs as well as in NCs (37% in ESCs and 64% in NCs; Box 4, Fig. 4C ). Specifically, within the proximal and distal promoter regions, prominent increases are observed in nFGFR1 binding, regardless of whether nFGFR1 binds alone, or co-localizes with RXR or Nur77. However, the number of sites that bind RXR and RXR-Nur77, but lack nFGFR1 is low, and the number of sites that bind Nur77 alone are relatively unchanged (Box 4, Fig. 4D ).
Combined RNA-seq and ChIP-seq analyses (Box 5) reveal that >85% of genes with promoters targeted by nFGFR1, RXR, Nur77, individually or in combination, are in an active (mRNA expressing) state ( Fig. 5A and B) including proximal promoters of both up-and down-regulated genes (Fig. 5C ). During the transition of ESCs to NCs, the numbers of expressed and regulated genes with promoters targeted by nFGFR1 (either alone or in combination with RXR, Nur77 or both), increases markedly. In contrast, the population of genes bound by RXR and/or Nur77, but not nFGFR1, diminishes. Likewise, the increased incorporation of the histone variant H3.3 (a marker of gene activation) into nFGFR1 containing peaks is observed both in expressed and differentially regulated genes, further relating nFGFR1 binding to gene regulation (Box 5, Fig. 5D ; Terranova et al., 2015) . Thus, nFGFR1, acting either alone or together with RXR and Nur77, emerges as an active mediator of RA-induced gene programing, consistent with the instructive function of nFGFR1 in the differentiation of ESCs into NCs Terranova et al., 2015) .
The role of nFGFR1, either individually, or in combination with RXR and/or Nur77, is further illustrated by the overlapping lists of recognition motifs in the target DNAs of these proteins (Box 5, Table 1 ). nFGFR1 associates with sequences targeted by the classical nuclear receptors Nur77 and/or RXR, as well as others that are not. nFGFR1-targeted sites encompass the consensus sequences of CREB and other diverse TFs, all of which interact with CBP, and thus may engage in nFGFR1-CBP mediated transcriptional regulation. The nFGFR1 regulation of the identified elements has been verified in several genes, using isolated, luciferase-linked elements. These experiments illuminated a correlation between nFGFR1 binding with gene activation, as well as inhibition, as nFGFR1 targeting of different promoter elements can produce opposing transcriptional effects (Box 5, Fig. 5E ; Fang et al., 2005; Lee et al., 2012; Stachowiak et al., 2012b; Terranova et al., 2015) .
The extensive list of nFGFR1-targeted motifs highlights how widespread the use of the mechanism underlying RA-initiated gene regulation is, and the vast size of the population of responsive genes. The discovery that this regulation involves a plethora of TFs beyond RAR/RXR and Nurs, and reveals that RA-induced transfer and retention of nFGFR1 in the nucleus , and nFGFR1 gene targeting represent a global paradigm of gene programing .
nFGFR1 Binds to and Controls Genes of Pluripotency Core
Core networks of interconnected TFs control the ability of embryonic stem cells (ESCs) to maintain their pluripotent state, or to differentiate into three germ layers (Ivanova et al., 2006; Chen et al., 2008; Box 6, Fig. 6A and B) . Research efforts have focused primarily on the identification of pluripotency genes in ESCs, and on the reconstitution of their activities in induced pluripotent stem cells (iPSCs). Much less is known about the mechanisms that turn off pluripotency genes, so that cells may abandon their nondifferentiated state, and develop into a multitude of lineages.
In the center of the pluripotency network resides a selfassembling TF complex of Oct4 and Sox2, and their partner Nanog. Genes encoding these factors are regulated by c-Myc, n-Myc, Zfx, and E2F1 as well as additional self-renewal regulators genes: Esrrb, Tcfcp21, and Klf4 (Fig. 6B) . Environmental cytokines BMP4 and LIF activate the Oct4, Sox2 and Nanog cluster genes (Ying et al., 2003) , so as to maintain their capacity for self-renewal and pluripotency. In addition, the self-renewal network is controlled by chromatin architectural protein CTCF, while cellular differentiation is prevented by SUZ12, a component of Polycomb Repressive Complex II that binds to developmental regulatory genes. In ESCs, nFGFR1 has the capacity to bind to the promoter of SUZ12, so as to repress SUZ12-mediated repression. Similarly, nFGFR1 binds within the promoters of Myc and Tcfcp2l1, so as to act as a partial repressor ( Fig. 6A and B) . These repressive effects of nFGFR1 are only a small proportion of the broad categories of the pluripotency genes targeted by nFGFR1 in ESCs .
The RA induced differentiation of pluripotent ESCs into NCs was accompanied by nFGFR1 binding to promoters of the Klf4, Sox2, Stat3, E2f1, Esrrb, Suz12, Smad1, Zfx, Tcfcp2l1, and Ctcf genes, and nFGFR1-mediated their inactivation ( Fig. 6A and B; Terranova et al., 2015) . Transfection of the constitutively active nuclear variant FGFR1(SP-/NLS) into ESCs was sufficient to repress these pluripotency genes, even in the absence of RA treatment , and to induce cellular differentiation, similar to that induced by RA does . These experiments have established nFGFR1 is a repressor of the pluripotency core during cellular differentiation. The inactivation of the Klf4, Sox2, Stat3, E2f1, Esrrb and Suz12, Smad1, Zfx, Tcfcp2l1, and Ctcf genes following the recruitment of nFGFR1 to their proximal promoters, was accompanied by the disassociation of RXR and Nur77 from many of the same sites (Fig. 6A ). These findings suggest that while RXR and Nur77 bind and regulate core pluripotency genes in undifferentiated cells, nFGFR1 binds to and downregulates the same genes during neuronal differentiation ( Fig. 6B ; Terranova et al., 2015) . In addition, loss and gain of function experiments demonstrate that nFGFR1 also represses Oct4 and Nanog, although these genes do not bind nFGFR1. This indirect inhibition could involve the binding and inhibition of the Tcfcp2l1 and Klf4 genes by nFGFR1. Normally, these two upstream genes, Tcfcp2l1 and Klf4, activate Oct4, and Nanog, as outlined in the pluripotency network (Box 6, Fig. 6B ).
nFGFR1 binding and inhibition of the SUZ12 and Ctcf genes is an additional, new mechanism to coordinately switch off pluripotency genes, and turn on genes involved in cellular differentiation. The CTCF protein associates with the pluripotency genes NANOG, SOX2, and cMYC. In ESCs, the depletion of CTCF accelerates the loss of pluripotency, and disrupts the process of differentiation. In our studies, we found Box 5. Binding of nFGFR1, RXR and Nur77, and gene regulation . >AE2.0 and P-value <0.035 were considered significant). Values are displayed as fragments per kb of transcript per million fragments mapped (FPKM). (B) >85% of promoter targeted sites are on active, expressed, genes. (C) Approximately 60% of genes with proximal promoters targeted by nFGFR1, RXR, and Nur77 or their combinations were upregulated and approximately 40% of genes were downregulated. In NCs, the population of regulated genes targeted by RXR was reduced, the number of regulated genes targeted by Nur77 was not changed, while the number of regulated genes targeted by nFGFR1 alone, nFGFR1þRXR, nFGFR1þNur77, or nFGFR1þRXRþNur77 increased several fold. In NCs, the population of regulated genes that were targeted by nFGFR1 (2,058 genes) constituted over 62% of all differentially regulated genes; that is, it was noticeably larger than the population of regulated genes that did not bind nFGFR1 (480 genes that nFGFR1 binds to the promoter of the Ctcf gene and inhibits its expression . Moreover, nFGFR1 targets DNA sequences that are CTCF binding sites. Given these dual actions (Box 6, Fig. 6C ), nFGFR1 may act as an effective regulator of high-order chromatin structure. nFGFR1's global control over cellular pluripotency and lineagespecific gene expression is likely to be related such mechanism.
A similar dual nFGFR1 action is observed in other genes that encode TFs affecting pluripotency and other gene networks (Box 6, Fig. 6C ). Indeed, nFGFR1 binds to the promoters of the Myc, Smad, Klf4, and Sox2, Oct4, and Stat3 genes, as well as to the consensus DNA sequences recognized by their proteins. This dual-level of regulation, with nFGFR1 controlling the generation of TFs, as well as their downstream actions, offers a feed-forward mechanism for fine tuning complex ontogenic networks .
nFGFR1 Binds to and Regulates Genes of Neural Development (Box 7, Fig. 7 ) Induction of neuroectoderm nFGFR1 is both essential and sufficient for the programing of neuronal development by brain neural stem/progenitor cells in vivo, as well as by ESCs, neural progenitor cells (NPC), and neural tumor cell lines in vitro . In agreement with these functions, nFGFR1 targets genes which govern the development of embryonic neuroectoderm, neural tubes, in addition to the patterning of the central nervous system, the development of neuronal cells and networks, the induction of the neural crest and the development of the peripheral nervous system (Box 7, Fig. 7 ; and linked database).
The event that immediately precedes the induction of neuroectoderm is the formation of a proneural cluster on the dorsal surface of vertebrate embryos. This latter event is initiated by the expression of the Ascl1 gene (achaete and scute, previously Mash1). Ascl1 encodes for a basic helix-loop-helix TF that causes epidermal cells to acquire neural competence, and later defines the neural lineages generated in the neurogenic ventricular zone of the brain (Bertrand et al., 2002) . These Ascl1 actions are facilitated by cooperative Wnt, Frizzled (Fz), Disheveled (Dvl) signaling. The Dvl protein is recruited by Wnt activated Frizzled receptors, and relays signals downstream to b catenin, which is in turn liberated from an inactive complex with glycogen synthase kinase-3b (GSK-3b), permitting the b catenin-activated transcription factors Tcf/LEF to stimulate neurodevelopmental genes (Gao and Chen, 2010) .
Expression of the Ascl1 gene increases several-fold during RA induced neuronal differentiation of mESCs, an event that occurs following the recruitment of nFGFR1, and the loss of the RXR from the Ascl1 promoter. In NCs nFGFR1 is recruited to a number of genes activating the Wnt pathway, including genes encoding for several Wnt ligands, Porcn involved in Wnt biogenesis and recycling, the receptor Fz 2-4 genes, as well as the upregulated FZ activator, proneural Dvl 3 gene (Box 7, Fig. 7) . The related disheveled one and two genes, similarly have promoters that bind nFGFR1, and are constitutively expressed, both in ESCs and NCs. nFGFR1 binds to the b-catenin gene, which is also expressed in ESCs and NCs. nFGFR1, along with RXR, also binds to the promoter of the GSK3b gene. Lastly, in RA differentiated NCs, nFGFR1 targets the upregulated Wnt TFs genes Tcf1, Sox11, 8, and 6. In addition to nFGFR1 activation of the WNT pathway genesnFGFR1 binds to the Sfrp2 and Sfrp4 genes, which encode for secreted antagonists of Frizzled. The binding of nFGFR1 to Sfrp2 and Sfrp4 correlates with the inactivation of both of these latter two genes ( and linked database).
Generation of the proneural cluster is restricted to a group of dorsal ectodermal cells which lack Notch, a dual function protein which, like FGFR1, acts as a cell membrane receptor as well as a transcriptional regulator. Notch proteins block the proneural signals of the Ascl1 and Wnt pathway in adjacent cells. The antineural action of Notch is enhanced by Deltex, which displaces Hairless from Hairless/Notch binding complexes, and in this manner prevents suppression of Hairless by Notch (Matsuno et al., 1995) . Recent investigations of INFS have revealed that the Notch signaling is under two-pronged control by nFGFR1 . nFGFR1 binds to the Notch1 gene promoter both in ESCs and NCs. In addition an nFGFR1 binding site has been found within the Notch1 gene body in NCs. Both basal Notch1 gene activity in ESCs, and Notch1 downregulation in NCs are antagonized by a dominant negative nFGFR1, nuclear FGFR1(SP-/NLS)(TK-), thus revealing that nFGFR1 confers Notch1 gene inhibition. nFGFR1 also controls Notch 1 signaling indirectly, by targeting the Deltex1 gene. In ESCs, FGFR1 binds to the promoter of Deltex1, activating the gene . The Deltex1 gene becomes inactivated in differentiating NCs, when nFGFR1 binding to Deltex1 declines. Hence, during neuronal development, the repression of Notch signaling by nFGFR1 very likely involves direct inhibition of the Notch1 gene by nFGFR1, as well as the loss of nFGFR1 binding and activation of the Deltex1 gene.
In summary, nFGFR1 binding results in the activation of proneural genes, and the inhibition anti-proneural genes in differentiating NCs. These actions provide a mechanistic account for nFGFR1 neural programing of ESC.
Further neuronal development programing-nFGFR1 removes inhibitory signals
Development of neuronal cells and neural tissue requires the concerted action of a number of genes, many of which are targeted by nFGFR1. Notch1 and RE1-silencing transcription factor (REST) constitute roadblocks that must be removed to allow for the development of the neuronal lineage of cells. Notch1 prevents neuronal differentiation of neural Table shows the results of motif analyses of sequences targeted by nFGFR1, RXR and/or Nur77. MEME-ChiP and other methods verified earlier findings ) that nFGFR1 associates not only with the core AGGTCA sequences targeted by the classical nuclear receptors Nur77 and/or RXR, but also to sequences that are not targeted by Nur77 and/or RXT. nFGFR1-targeted sites encompass the consensus sites for CREB, STAT, Sp1, and Smad as well other diverse TF that interact with CBP, and thus may engage in the nFGFR1-CBP mediated transcriptional regulation. These observations substantiated earlier findings that FGFR1 which lacks its DNA binding domain, can associate with gene promoters via CBP (Fang et al., 2005;  reprinted from PLoS ONE 10:e0123380).
Box 6. nFGFR1 targets and regulates pluripotent core genes and motifs targeted by pluripotent transcription-factors (TFs; and linked database). (Ivanova et al., 2006) . nFGFR1 binding to gene promoters is marked by blue and black arrows. Genes expressed at high levels in ESC and repressed in NC are marked with green ovals, genes activated in NC with orange ovals and genes expressed in ESC and NC at the same levels with white ovals . These pluripotency TFs are wired to the ES genome in two major ways. The first cluster includes the self-assembling Oct4 and Sox2 complex, their partner Nanog. The second cluster consists of c-Myc, n-Myc, Zfx, and E2f1, which with additional self-renewal regulators Esrrb, Tcfcp21, and Klf4 wired to and control the first cluster as shown in Fig. B . Among those genes, important OSKM group (Oct4, Sox2,Klf4, and Myc) has been distinguished by the ability to induce pluripotent state in fibroblast and other differentiated cells (Tanabe et al., 2014) . Maintenance of the self-renewing state of the mouse embryonic stem cells (ESCs), also requires the environmental factor cytokine, LIF, which activates STAT3 through phosphorylation and serum derived BMP4 which triggers Smad1 phosphorylation. BMP4, acts in conjunction with LIF to maintain the self-renewal and pluripotency of mESC by activating the first cluster Oct4, Sox2, and Nanog cluster genes (Ying et al., 2003) . Closely related to the pluripotency networks are Polycomb repressor SUZ12 and CTCF an insulator binding protein. Suz12 protein binds to diverse genes, which direct cell development and differentiation, but which are repressed by SUZ12 in ESC. As the SUZ12 is replaced by E2f1 or other coactivators, the developmental genes become activated, cells exit from the pluripotent state and begin lineage development. The CTCF is the vertebrate insulator and chromatin architectural protein. CTCF forms multi-subunit protein complexes with cohesion, which differentially co-localizes in the vicinity of specific CTCF binding sites (Balakrishnan et al., 2012) . The CTCF protein controls expression of gene multi-gene programs including the self-renewal network. In the pluripotent ESC (þLIF), Suz12, Myc, Tcfcp2l1, and Stat3 are under direct inhibition by nFGFR1 . In RAdifferentiated NC the Klf4, Sox2, Stat3, E2f1, Esrrb, Suz12, Smad1, Zfx, Tcfcp2l1, and Ctcf pluripotency genes become down-regulated in a process that involves direct promoter binding by nFGFR1 and accompanied by a loss of RXR binding. The Oct4 and Nanog genes, which do not bind nFGFR1 are repressed by nFGFR1 indirectly in ESC and NC. The repression of Klf4, Sox2, Stat3, E2f1, Esrrb, Suz12, Smad1, Zfx, Tcfcp2l1, Ctcf, Oct4, and Nanog genes in differentiating NC by endogenous nFGFR1 was demonstrated by transfection of dominant negative nuclear FGFR1 (SP-/NLS)(TK-). FGFR1 (SP-/NLS)(TK-) profoundly increased expression of the pluripotency genes and prevented cell differentiation. Moreover, the same pluripotency genes were turned off by constitutively active nuclear FGFR1 (SP-/ NLS) which stopped cell self-renewal and induced differentiation. progenitors, while promoting glial development (Gaiano and Fishell, 2002) . Thus, direct inhibition of the Notch1 gene by nFGFR1 allows for not only the initial induction of the neuroectoderm, but also enables neuronal development (as shown with brain stem/progenitor cells), while blocking gliogenesis Lee et al., 2012) . The REST gene facilitates the exit of ESCs from the pluripotent state by blocking the core Oct4, Sox2, and Nanog genes, but at the same time, prevents neural development by turning off Wnt signaling (Johnson et al., 2008) . However, as RA-treated ESCs undergo the process of differentiation into NCs, their REST mRNA becomes markedly depleted . During this time, nFGFR1 displays a complex pattern of binding to the 5 0 region of the mouse REST gene (comprising the promoter), as well as to the 3 0 region of the gene. This pattern of binding changes during cellular differentiation in a manner suggesting that nFGFR1 directly downregulates the REST gene.
nFGFR1 augments proneuronal signals
Following the initial formation of the neural plate, Wnt signaling continues to be involved in the development and patterning of the embryonic nervous system. Wnt signals are essential for the formation of the neural crest, the proliferation of hippocampal neuronal precursors, as well as neuronal maturation, synapse formation and synaptic plasticity (Gao and Chen, 2010; Bengoa-Vergniory and Kypta, 2015) . Thus, nFGFR1 targeting of the genes in the Wnt pathway may very well underlie the established role of the Fgfr1 gene in all of these processes.
Other important proneuronal genes induced during ESC neuronal differentiation which are regulated by nFGFR1 encode for TFs, including Pax-3, Id3, IRX3, and Cdx1 . Pax-3, which regulates cell proliferation, migration, regional specification, and apoptosis, is expressed in the ventricular zone of developing spinal cord, the hindbrain, the midbrain and diencephalon, as well as in the neural crest cells of developing spinal ganglia (Thompson and Ziman, 2011) . Pax3 is also involved in myogenesis, its mutations playing a role in cancer (Medic and Ziman, 2009 ). Pax3 gene expression is markedly increased during the RA induced differentiation of mESCs into NCs . Of particular interest in these regards, is the evidence indicating that nFGFR1 targets the Pax3 promoter only in NCs, and not in ESCs. Consistent with the existence of this stage-specific Box 7. nFGFR1 controls multiple stages in neural development ( and linked database). Fig. 7 . nFGFR1 targets and regulates key genes that program and execute different stages of neural development (based on the results of ChiPseq, ChiP, RNAseq, and RNA analyses). nFGFR1 removes "developmental road blocks" imposed by anti-neural Notch1 and REST genes. nFGFR1 binds and inhibits the Notch1 gene in NC and vacates Deltex1 gene promoter in down-regulated Deltex1 gene. nFGFR1 shows dynamic binding to the REST gene promoter and 3 0 region indicating nFGFR1 role in the REST inactivation in differentiated NC. nFGFR1 targets and activates several master gene that instruct neural development. Those include proneural Ascl1, and multiple genes in the Wnt pathway. In general nFGFR1 binding correlates the activation of genes that stimulate or transduce WNT signals (red þ) and with down-regulation of the genes that inhibit Wnt receptors (green À). nFGFR1 binding activates neuronal developmental genes Pax, Id3, Cdx1, IRX3, CREB/CBP signaling genes, and the CNS patterning genes. nFGFR1 targets activated axonal guidance genes, and genes involved in synaptic plasticity and development of DA neurons.
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binding, is the observation that the blocking of endogenous nFGFR1 by FGFR1(SP-/NLS)(TK-) greatly diminished the upregulation of Pax3 mRNA in NCs, while having no effect on Pax3 mRNA in ESCs. nFGFR1 binds and activates the proneuronal ID3 (inhibitor of DNA binding 3) gene that prevents helix-loop-helix TFs from binding to DNA. Also, nFGFR1 binds and activates the Irx3 (Iroquois homeobox 3) gene which in combination with the sonic hedgehog gene (Shh), defines specific groups of neurons in developing brain. nFGFR1 targets the caudal type homeobox 1 (Cdx1) master gene, which relays the proneural Wnt and retinoid signals to the Hox genes. The activation of the ID3, Irx3, and Cdx1 genes in NCs is accompanied by the binding of nFGFR1 to their promoters, and is prevented by dominant negative FGFR1(SP-/NLS(TK-) . nFGFR1 also binds to an important neurodevelopmental gene, neurogenin 1 (ngn1), both in ESCs and in NCs. Ngn1 is active at defined times during development, and affecting the positions of different progenitor cell pools. In NCs, nFGFR1 binds to the promoter of the upregulated Ngn1 gene, but does not bind to the related nonregulated ngn3 gene . nFGFR1 promotes neuronal development via "CREB/CBP signaling" and "Axonal Guidance Pathway" genes The IPA analysis of mESC genes with promoters bound by nFGFR1 identified "CREB signaling in neurons" as a major nFGFR1-targeted pathway (Supplemental Fig. S1A ). This substantiates earlier findings that nFGFR1 nuclear accumulation was essential and sufficient for the activation of neuronal genes and neuronal differentiation induced by diverse receptors and second messengers that converge on CREB and CBP (Fang et al., 2005; Stachowiak et al., 2003a Stachowiak et al., , 2007 . Neuronal differentiation by nFGFR1 is executed directly via the promoters of the cAMP, PKC, BMP7, dopamine, and Wnt/b-catenin signaling genes. The top differentially regulated genes targeted by nFGFR1 include CamkII, Adenylate cyclase (AC), Phospholipase C (PLC), and G-protein b (Gb), all of which provide converging inputs to the CREB and CBP effectors .
Transfection of human and mouse neural progenitor cells with a constitutively active nuclear FGFR1(SP-/NLS) or with HMW FGF-2 (which signals via endogenous nFGFR1) produces a striking neuronal morphology (Fang et al., 2005; Stachowiak et al., 2012a) . Similar result were obtained with ESCs, and in developing brain neural progenitors . Furthermore, nFGFR1 mediates BMP7 and NGF initiated neuronal development and regeneration (Horbinski et al., 2002; Lee et al., 2013) . The mechanisms of nFGFR1 action were substantiated by an IPA identified class of Axonal Guidance Pathway genes targeted by nFGFR1 Supplemental Fig. S1B) . nFGFR1 binds to Semaphorin 6D, Ephrins, the Ephrin receptor and a3-integrin genes, as well as the Smad effector genes, all of which are engaged in axonal development, guidance and neuronal network formation . Other genes important in neuronal growth which have promoters bound by nFGFR1, and which are regulated by nFGFR1 include Nestin, Doublecortin and bIII tubulin. nFGFR1 binding was verified in developing brain tissues and in cultured PC12 cells (Baron et al., 2012; Lee et al., 2012 Lee et al., , 2013 Narla et al., 2013) .
nFGFR1 regulates development of dopamine (DA) neurons
DA neurons located in the ventral midbrain (substantia nigra and ventral tegmental area) are involved in motor, sensory, cognitive and emotional functions, and in a variety of neurologic and psychiatric disorders. Development of these neurons is controlled by nFGFR1 and its nuclear partner proteins (Klejbor et al., 2006; Smidt and Burbach, 2009 ). nFGFR1, CBP, and Nurr1 accumulate in the nuclei of developing DA progenitors, all three proteins colocalizing in the nuclear bodies (Fang et al., 2005; Baron et al., 2012) . The knock down of Nurr1 or the blocking of endogenous FGFR1 in DA progenitors attenuates neuronal development in transgenic mice, thus verifying their ontogenic function (Klejbor et al., 2006; Smidt and Burbach, 2009 ). nFGFR1 directly targets the Patch2, Ngn, RAR, and Nurr1 genes , which are instrumental in DA neuronal development, and nFGFR1, together with Nurr1, binds and coactivates the TH gene involved in DA synthesis . nFGFR1 may also play a role in the synaptic plasticity of DA transmission mediated by phosphatase inhibitors, effectors of DA receptors, and DARPP-32. nFGFR1 binds the promoter of the Darpp-32 gene as it becomes upregulated during RA induced differentiation of ESCs to NCs .
CNS and Body Patterning by nFGFR1 Control of Hox and Related Genes
The layout of body axes and body dimensions are programmed by a phylogenetically conserved superfamily of "morphogenic" transcriptional factors many of which contain a 60 amino acid, helix-turn-helix, DNA binding Homeobox domain and thus are called homeobox genes. Homologues of these genes appear in radially symmetric pre-Paleozoic cnidarians and evolve into Hox genes present in all bilaterian metazoans (Larroux et al., 2007) . The Drosophila genome has 8 Hox genes organized into a single cluster that outlines the embryo's anterior-posterior axis, patterning and segmentation. The invertebrate Hox cluster has evolved into four (A-D) vertebrate clusters, which include 11 HoxA, 10 HoxB, 9 HoxC, and 9 HoxD genes within the mouse and human genomes (Box 8, Fig. 8A ). In both fruit flies and mice, the deletion of a single Hox gene leads to altered axial identities and the transformation of specific embryonic structures into more anterior ones (Montavon and Soshnikova, 2014) . In addition the Hox genes are essential for the outgrowth and patterning of limbs along both the anteriorposterior and proximal-distal axes (Zakany and Duboule, 2007) . To execute these complex functions, both the pattern and time of Hox gene expression must be tightly controlled. Hox genes located at the 3 0 end of the clusters are transcribed first, and generally are in more anterior regions of the embryo, as compared to the genes situated at the 5 0 end, which are expressed later and in more posterior areas (Montavon and Soshnikova, 2014) . This spatial and temporal collinearity is especially evident in development of the mesodermal musculature, and bones as well as in the segmentation of the central nervous system. The initial state of the neural tube is forebrain like. The midbrain, hindbrain, and spinal cord arise through a progressive transformation to more posterior fates by the Hox paralog groups 1-4 in the hindbrain and 5-13 in the segmentally-restricted domains of the spinal cord (Mallo and Alonso, 2013; Pascual-Anaya et al., 2013) . Furthermore, Hox genes shape development and synaptic specificity of motoneurons and underwrite their selective segmental muscle innervation. Altogether, Hox genes have been designated as the architects of the neural system and its developmental choreographers (Philippidou and Dasen, 2013) .
Regulation of Hox genes is achieved mostly at the transcriptional level (Kondrashov et al., 2011) , and is dictated by their clustered organization (Duboule, 2007) . In vertebrate embryos, prior to gastrulation, Hox clusters are silenced by multiprotein complexes encoded by Polycomb group (PcG) genes (Schuettengruber and Cavalli, 2009; Young and Deschamps, 2009 ). As gastrulation ensues, Hox genes become activated in the posterior part of the primitive streak in a time order that reflects their location within the clusters (IzpisuaBelmonte et al., 1991; Tschopp and Duboule, 2011) . The 3 0 -5 0 time collinearity is governed by cis-acting elements located within the clusters themselves. The search for regulators of Hox transcription in trans revealed a major role for RA, Cdx1, FGFs, and Wnts (Alexander et al., 2009; Young and Deschamps, 2009 ). In the developing central nervous system, RA activates the 3 0 (1-5) Hox cluster, whereas the 5 0 cluster (6-13) is activated by Cdx1, Wnt, and FGF8. Furthermore, 3 0 Hox A1 is essential for the activation of downstream HoxA and Hox B genes. This results in a model in which the upstream genes activate the downstream genes, thus spreading the activation in the 3 0 -5 0 direction (Montavon and Soshnikova, 2014) .
In non-differentiated mESCs, Hox genes are largely repressed, but many become upregulated during RA-induced neural ESC differentiation . In Hox A and C clusters, RA activated genes localize predominantly to the 3 0 region, which during development is activated first. While many of the inactive Hox genes In ESCs are bound by RXR, a few, HoxD11 and HoxD13, are bound by nFGFR1 (Box 8, Fig. 8A ; Terranova et al., 2015) . In contrast, the RAinduced upregulation of the HoxA1-5, HoxA7, and Hox A13 genes is accompanied by nFGFR1 binding to their promoters (Box 8, Fig. 8A ). Also the upregulated Hox B2-4, B7, B9, B13, C4, C8, and the Hox D1, D8, and D13 genes have promoters targeted by nFGFR1. The role of nFGFR1 binding in regulation of the Hox genes was demonstrated by an analysis of the levels of the mRNAs of the 3 0 cluster (HoxA1-7) . RA-induced differentiation of NCs was accompanied by the up-regulation of HoxA1-5 and HoxA7 mRNAs. The up-regulation of the HoxA mRNAs in the RA-treated NCs was abolished by a dominant negative nuclear FGFR1(SP-/NLS) Box 8. nFGFR1 controls CNS and body patterning Hox genes ( and linked database).
The layouts of the metazoan bodies are governed by phylogenetically conserved transcription factors that contain 60 amino acid DNA binding Homeobox domain. Vertebrate Hox genes are organized into four A-D clusters that underwrite body axes, dimensions, and body and limbs segmentation, patterning of the nervous system and mesoderm-derived muscles and bones. Mutations of the individual Hox genes disrupt the body and CNS segmentation and the borders between the CNS regions. Hox genes are transcriptionally inactive in blastocyst and in pluripotent ESC. During gastrulation and further development Hox genes are activated by RA, Wnts, and Cdx1 in a time order that reflects their location within the clusters (3' to 5'). The analyses of the HoxA cluster showed that nFGFR1 binding plays an essential role in the activation HoxA genes by RA. Furthermore, nFGFR1 binding is sufficient to activate several of the HoxA gene in ESC in the absence RA stimulation . Hox genes are organized based on information from (P. Turpenny). (B) nFGFR1-dependent mechanism may promote the sequential expression of Hox genes during ontogeny. During development Hox genes at the 3 0 end of the clusters are activated first followed by Hox genes located at more 5 0 positions. The mechanism of 3 0 -5 0 time co-linearity could involve an initial direct 1 activation of the 3 0 Hox genes (i.e., Hox A1 and A2) by nFGFR1 followed a delayed co-activation of the Hox 5 0 genes by accumulating HoxA1, A2, and Cdx1 transcriptional factors along with nFGFR1.
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(TK-), as observed in RA induced ESC neuronal differentiation. These findings reveal the essential role of nFGFR1 in the programming of the HoxA genes, and are consistent with the repression of Hox genes by dominant negative FGFR1 mutant in Xenopus embryos Pownall et al., 1998) .
Notably, overexpression of active nuclear FGFR1(SP-/NLS) is sufficient to activate Hox genes , and neuronal development in mESCs , even in the absence of RA stimulation. These findings have established nFGFR1 as a factor that programs stem-cell development, and highlights the importance of nFGFR1-mediated Hox gene activation. In pluripotent ESCs, low-level HoxA activity is maintained by endogenous nFGFR1. However, the effect of endogenous nFGFR1 is indirect, as nFGFR1 does not bind to HoxA-gene promoters in ESCs.
The HOX upstream regulators identified so far (i.e., RA) are able to activate rather large subsets of Hox genes, and are active in broad time windows, along the anterior-posterior axis. How can these "generic" factors trigger the collinear expression of Hox genes, in both space and time? We propose that nFGFR1 which activates the Hox A1, A2, and A3 genes to the largest degree, initiates the activation of downstream Hox by accumulating HoxA1 and A2 proteins (Box 8, Fig. 8B ). Furthermore, nFGFR1 targeting and activation of the Cdx1 gene (Fig. 7 ) could lead to a gradual accumulation of the CDX1 protein at the promoters of downstream 5 0 Hox genes, and their delayed activation as outlined on Figure 8B .
Developmental patterning and regional cell specification in the central nervous system are also directed by a functional concentration gradient of RA. The concentration gradient of RA is created by varying the expression of the RA-generating enzyme, retinaldehyde dehydrogenase 2 (RALDH2; overexpressed posteriorly) and the RA-metabolizing protein CYP26A (overexpressed anteriorly; White and Schilling, 2008; Rhinn and Dolle, 2012) . Genetic experiments placed the FGFs upstream of the RALDH2 and Cyp26 genes (Rhinn and Dolle, 2012) . ChIP-seq experiments and independent ChIP assays suggest that this regulation is mediated at least in part directly by nFGFR1 binding to the Cyp26a1 promoter and, along with RXR, to the intragenic region of RALDH2 .
In summary, genomic inquiries place nFGFR1 at the top of Notch and Hox controlled developmental patterning, and suggest an additional role for nFGFR1 in the formation of developmental RA gradients.
nFGFR1 Regulation of Endodermal and Mesodermal Genes
RA programs ESCs to differentiate into neuronal, endothelial or mesodermal cells depending on ligand concentration. In agreement with specific neuronal programing by 5 mM RA, genes encoding the early endodermal markers GDF-1, GDF-3, and HNF-4 (https://www.rndsystems.com/research-area/ early-endodermal-lineage-markers) are downregulated in RA treated ESCs . Similarly, genes typically expressed by mature endodermal cells, Cytokeratin 19, EOMES, FABP1, HNF3a, are downregulated, or are not expressed in NCs. Gene downregulation is accompanied by increased nFGFR1 binding to the intragenic regions of the GDF-1, GDF-3, HNF-4, HNF-3a, and FaBP1 genes, or to the promoter region of the Cytokeratin 19 and eomesodermin (EOMES) gene . The Jarid2 gene, which controls development of liver, spleen, thymus, and cardiovascular system (Landeira et al., 2015) , is expressed in nondifferentiated ESCs, and is downregulated in NCs . Jarid2 mRNA downregulation is accompanied by de novo nFGFR1 binding to the Jarid2 promoter, suggesting direct repression by nFGFR1. Thus, nFGFR1 targeting the promoters or intragenic loci of endothelial genes may underwrite their repression during neuronal development.
The Fgfr1 gene regulated FGF/Wnt/Notch-based oscillatory mechanism is key to controlling cell differentiation and maturation in the CNS, as well as positioning segmental boundaries in the developing presomitic mesoderm (Yamaguchi et al., 1994; Wahl et al., 2007; Dequeant and Pourquie, 2008) . The results of ChiPseq and independent ChiP analyses in ESCs and NCs are consistent with this model, in that nFGFR1 not only targets various neuronal genes in the Wnt/ b-catenin pathway (Fig. 7 and S4D Fig) , but also binds within the promoters of key mesodermal genes, Dusp6, Perlecan (Hspg2), Porcn, Lfng, Nkd1, Nrarp, and within the promoter and gene body of the Mesp2 and Notch 1 genes . Dominant negative nuclear FGFR1(SP-/NLS) (TK-) reversed the repression of the Mesp2, Notch1 and Hspg2 genes in ESCs and NCs, while reducing the RA-induced upregulation of nFGFR1 targeted neurodevelopmental Pax3, Id3, Irx3, and Cdx1 genes (section above). Thus, endogenous nFGFR1 represses mesodermal genes, and activates neural genes as the ESCs progress towards a neuronal phenotype.
Fgfr1 gene ablation demonstrated its essential role in bone development and remodeling (Jacob et al., 2006) . One of the bone development controlling genes is FGF-23 (Han et al., 2015a) . In mouse ESCs only trace levels of FGF23 mRNA are detected and are further diminished in NCs . nFGFR1 binds to the FGF23 gene promoter in both ESCs and NCs, and additionally to the 3 0 UTR in NCs. Thus, during neuronal development, the FGF23 gene may very well be directly inhibited by nFGFR1. In contrast, in human osteoblastic cells which express FGF23, Quarles and colleagues have presented evidence indicating that the FGF-23 gene is activated by INFS (Han et al., 2015b) . Included amongst this evidence is the observation that (1) nFGFR1 binds to the FGF23 promoter along with CREB and CBP, and (2) transfection of human osteoblastic cells with FGFR1(SP-/NLS) upregulated FGF23 promoter activity. Thus, the nature of the gene regulation by nFGFR1, whether inhibitory, or activating and instructive, may depend upon the context of the cell lineage controlling the signals and the cell phenotype.
nFGFR1 Targets Promoters of miRNA Genes ( and Linked Database)
In mESCs and NCs nFGFR1 targets not only mRNA-encoding genes, but also binds to the proximal promoters of several expressed miRNAs genes. Exemplary mir301 and mir9 are upregulated several fold during RA induced ESC differentiation (Box 9, Fig. 9 ). In ESCs, the mir301 and mir9 promoters interact with RXR but not with nFGFR1, nor with Nur77. In contrast, in NCs both nFGFR1 and Nur7, bind to the mir301 and mir9 promoters. This likely confers mir301 and mir9 upregulation, as Nur77a and nFGFR1 were shown to coactivate transcription from the Nur-responsive elements. mir301, mir9 and several other nFGFR1 targeted miRNA genes are known to promote neurogenesis and are involved in diverse aspects of ontogenesis by targeting mRNAs of hundreds of developmental genes (Box 9, Fig. 9 ). This seminal finding offers an additional new mechanism for global genome regulation in ontogenesis by nFGFR1.
Role of nFGFR1 in Ontogenic Gene Regulations-Summary Notes
Sequencing of human, mouse, and other genomes has unlocked an unprecedented vast information which could be mined to unknot the tangled scores that underwrite life's evolution, and its abbreviated replay-ontogeny. Recent discoveries summarized in this article reveal basic components of the emerging paradigm for master ontogenic networks involved in cell pluripotency, tissue and organ development and axis specification being coordinated by a common mechanism, INFS (Box 10, Fig. 10 ). In this new paradigm, both ancient protooncogenes and tumor suppressor genes, which assured developmental success of unilateral organisms, as well as metazoan "morphogens" are subjugated to a common integrating function of nFGFR1.
nFGFR1-mediated control of master developmental mRNA and miRNA gene networks and chromatin architectural factors emerges as an unprecedented central mechanism that integrates and orchestrates genome function in forming multicellular organisms. The overall importance of such mechanisms in animal development is supported by the conservation of nFGFR1 genomic targets, and the evolutionary emergence of nuclear FGFs (Popovici et al., 2006) and FGFR1 (Bertrand et al., 2009 ) in early metazoans.
INFS in Disease
The unprecedented Pan-ontogenic nature of INFS indicates its role as a potential Pan-pathological mechanism that contributes to a wide variety of disorders. In this article, we will discuss the role of INFS in cancer and a developmental disorderschizophrenia. Ancient protoncogenes and tumor suppressor genes are targeted by nFGFR1-role in cancer (Box 11, Fig. 11A ) An ontology of ESC expressed genes whose promoters are targeted by nFGFR1, but not by RXR or Nur77, identified the cell cycle, proliferation and cancer as the top biological functions and diseases (Fig. 4A) . At the top of the cell cycle network, nFGFR1 targeted promoters of diverse genes, including checkpoint kinase 1/2, Dkk1, and Camk2d, which are often deregulated in various types of cancer Supplemental Fig. S1C) . A prominent category of genes which have promoters targeted by nFGFR1 are phylogenetically old proto-oncogenes which control normal cell growth and migration. Over 100 cancer-causing protooncogenes have already been discovered nested deep within the human genome and have homologues in ancient, highly conserved genes (Cline, 1986) . In human cancers, protooncogenes may generate qualitatively, or quantitatively abnormal oncogenic products that set-off programs resulting in malignancies. The list of nFGFR1 targeted proto-oncogenes include c-fos and fos-b expressed in ESCs and NCs, c-jun, jun b, jun d, c-myc, and Akt1, which are upregulated in NCs, and cmyb, Bax, and FoxO1, which are downregulated in NCs. nFGFR1 binds also to the promoters of suppressor genes, including TP53, STK11, BRCA1 which are downregulated in NCs. While TP53 is the most commonly mutated gene in human cancers, other nFGFR1 targeted tumor suppressor Box 9. nFGFR1 targeting of miRNA genes that control ontogenetic gene expression ( and linked database). Fig. 9 . nFGFR1 targets promoters of miRNAs upregulated during RA induced mESC differentiation to NC. (A) nFGFR1 binds to promoters of mir301 and mir9 in NC but not ESC. Thus, nFGFR1 may indirectly control translation of mRNAs targeted by mir301 and mir9 in differentiating NC. Mir301 and mir9 have binding sequences in a great number of mRNAs (364 and 500, respectively; identified by mirtarbase data base analysis, Supplementary table). Gene Ontology identifies functions of mir301 and mir9 targeted genes as being related to cell development and differentiation, brain development and function.
genes also play a major role in breast, colon, brain, ovarian, and lung cancer, as well as in renal carcinomas (Brose MS and Weber, 2003) .
The nFGFR1 regulated Notch1 gene, which acts by an ancient mechanism to regulate cell proliferation, may act as an oncogene, or less commonly, as a tumor suppressor gene in various malignancies. Epidermis-derived melanoma cells display grossly overexpressed activated Notch-1 (Nickoloff et al., 2005) in addition to changes in nuclear FGFs and FGFR signaling (Halaban et al., 1988; Katoh and Nakagama, 2014) .
The binding of nFGFR1 to proto-oncogenes and tumor suppressor genes in mESCs and mouse NCs is conserved in human ESCs and iPSCs (our unpublished data), and, thus is likely to be of major developmental importance. In general, studies have shown a reduced content of nFGFR1 in the nuclei of glioma, pheochromocytoma, neuroblastoma and medulloblastoma lines, as compared to non-transformed cells . Restoration of nuclear FGFR1 accumulation (i.e., by NGF treatment of PC12 cells, RA treatment of neuroblastoma cells, the transfection of constitutively active nuclear FGFR1(SP-/NLS) in neuroblastoma, medulloblastoma and glioma cells) promote a normal cellular phenotype, suggesting that nFGFR1 has a tumor suppressor-like action. This is contrasted by the mitogenic action of plasma membrane localized FGFRs, that occurs when cells are stimulated by extracellular FGFs.
The laboratory of Richard Grosse has demonstrated the nuclear accumulation of a truncated nFGFR1 (lacking the Box 10. Paradigm for global ontogenetic genome programming by nFGFR1 expression ( and linked database). Fig. 10 . Genetic experiments position the Fgfr1 gene at the top of gene hierarchy that directs the development of multicellular animals. Fgfr1 governs gastrulation, as well as development of the major body axes, neural plate, central and peripheral nervous systems, and mesoderm by affecting the genes that control the cell cycle, pluripotency and differentiation (Ciruna et al., 1997; Partanen et al., 1998; Ciruna and Rossant, 2001; Dequeant and Pourquie, 2008) and microRNAs (Bobbs et al., 2012) . This regulation is executed by nuclear protein, nFGFR1, which integrates a plethora of development controlling epigenomic signals . nFGFR1 cooperates with RXR, Nurs and other CBP binding TFs, and targets thousands of genomic loci, including promoters of the mRNA and miRNA genes that reside at the top of the ontogenetic networks . The dynamic nature of nFGR1 and its partner proteins illustrates how probabilistic molecular collisions (see Box 2, Fig. 2B ) control the flow of information in structured genomic networks that underwrite development. The figure lists the discussed examples of nFGFR1 binding (ChiPseq) to promoters of different categories of developmental genes in which color denotes upregulation (red þ) or downregulation (green À) during transition from ESCs to NCs (RNA-seq). Black indicates nFGFR1 targeted genes that are not differentially expressed in ESC and NC (<2-fold change). Figure is based on and linked database).
N-terminal region) in human breast cancer cells, as well as the binding of this truncated nFGFR1 to EBI3, GRINA, KRTAP5-6, POUF2, PRSS27, Stac3, and SFN genes, with a consequent increase in cell migration and, potentially, metastasis (Chioni and Grose, 2012) . The wild-type nFGFR1 was subsequently observed to bind to the same genes in mouse ESCs/NCs and/or in human NCs (our unpublished observations). Thus, the replacement of full-length nFGFR1 with the truncated form distorts the regulation of genes which are normally targeted, and is an integral part of the biology of cancer cells. Likewise, several reports have described chromosomal transfers in cancer cells, which create diverse oncogenic fusions of FGFR1 with other proteins. For example, fusions of FGFR1 with the transcriptional regulator TIF1have been observed. These FGFR1/TIF1 fusion proteins, like nFGFR1, localize to nuclear bodies, where they interact with RA nuclear receptors (Belloni et al., 2005) , even under cellular conditions where normal FGFR1 would interact with cytoplasmic membrane proteins, rather than accumulating in the nucleus. Oncogenic fusions of FGFR1 to the transforming acidic coiled-coil (TACC) coding domain of the tachykinin family TACC1 gene were found in human glioma cells (Singh et al., 2012) . The impact of these and other fusions of nFGFR1 with proteins on genomic deprograming, and on the biology of cancer cells requires further investigation.
Recent studies have identified the presence of nFGFR1 in neoplasms, and have suggested an additional complexity to the role of nFGFR1 in cancer. Overexpression of nFGFR1 is a feature of pancreatic ductal adenocarcinomas (PDACs). Nuclear FGFR1 and FGF-2 are found in activated pancreatic stellate cells (PSCs), the cells primarily responsible for desmoplasia in pancreatic carcinomas (Coleman et al., 2014) . Nuclear translocation of FGFR1 is necessary for the invasion of PSCs into regions containing pancreatic carcinomas, and subsequently, the formation of desmoplasia around the cancer cells. Similarly, reactive astrocytes which surround human glioma tumors overexpress nFGFR1, an event that can potentially promote their migration towards glioma cells (Stachowiak et al., 1997a) . Understanding the complex roles of FGF signaling in cancer biology holds a promise for novel treatment strategies.
Role of nFGFR1 in ontogenic dysregulation in Schizophrenia (Box 11, Fig. 11B) Schizophrenia is a developmental disorder characterized by complex aberrations in the structure, wiring, and chemistry Box 11. Role of nFGFR1 in disease. .
Ã marks signaling pathways in which schizophrenia-linked genes a have been found, including cAMP, G-protein signaling, PKC, MAPK, NfkB, CREB, RXR, and Nurr1 (Buervenich et al., 2000; Sun et al., 2010; Jablensky et al., 2011) . In schizophrenia and other neurodevelopmental diseases, mutations of these individual genes, including "weak" copy variations could deregulate this auto-regulated genomic circuit (red lines) and thus lead to broad molecular and developmental dysfunctions (Figure is based on information in and in and linked database).
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of multiple neuronal systems. The abnormal developmental trajectory of the brain appears to be established during gestation, long before clinical symptoms of the disease appear in early adult life. Over 200 genes selected by their linkage, association, and expression, as reported in the literature, have been proposed to contribute to the etiology of the disease. However, there is no single gene, whose expression is altered in a majority of schizophrenia patients (Sun et al., 2010; Rodriguez-Murillo et al., 2012) . These schizophrenia linked genes mediate a wide range of neurodevelopmental events including progenitor cell proliferation and differentiation, migration, cytoskeletal reorganization, axonal connectivity, and patterning of brain structures (Jaaro-Peled et al., 2009; Moskvina et al., 2009; Potkin et al., 2010; Sun et al., 2010; Ayalew et al., 2012) and operate within 24 known pathways (Feng et al., 2005; Wong et al., 2011; Ayalew et al., 2012; Rodriguez-Murillo et al., 2012) , all of which converge on the INFS Feed Forward and Gate module (Box 11). Hence, changes in schizophrenia (SZ)-linked genes affect INFS, and thereby lead to a common "watershed" dysregulation of developmental gene networks. Indeed, iPSCs derived neural cells from different SZ patients have several hundred of the same genes dysregulated, including FGFR1 and the nuclear FGF14 ligand. Our recent investigations suggest that alterations in nFGFR1 interactions with developmental gene networks, miRNA genes, and chromatin topology factors in schizophrenia may underlie the neurodevelopmental pathology of this disease. Furthermore, FGFR1 and its partner proteins bind to promoters of schizophrenia-linked neurodevelopmental genes including: DISC1, ANK3, ZFP395, Ngn1, FZD3, FGF-2, and FGFR1 and thus play a direct role in their regulation Terranova et al., 2015) . These observations suggest a dysregulation of transcriptional circuitry in which INFS integrates incoming developmental signals including signals from altered schizophrenia-linked gene, and affects functions of other schizophrenia genes via a feedback loop (Box 11B), mutations in individual patients may deregulate this selfcontrolled genomic circuit, and result in common developmental dysfunctions.
Role of nFGFR1 in ontogenic diseases-summary notes and perspective INFS dysregulation in neoplastic and developmental diseases induced by a limited genomic change may spread across the genomic networks and deconstruct biological homeostasis. Studies of the pan-ontogenic INFS should help to understand the nature these diseases, how they develop and what information nodes may be targeted to restore stability of the ontogenic networks. Eventually, these efforts may help to combat cancer and developmental diverse disorders that plague humanity.
